The parameters of induction heating of large-diameter pipes have a direct effect on the final processing quality of the elbow, and the complexity of multifield coupling of magnetothermal force in induction heating can make it impossible to quantitatively optimize the design parameters of the induction heating device. In this paper, X80 pipeline steel induction heating is taken as the research object, and a corresponding numerical model is established. The influence of induction heating process parameters on the heating temperature of pipeline steel under the skin effect is determined. First, the influence of process parameters on the heating effect of pipeline steel is quantified by orthogonal test. Then, taking the optimum temperature difference between the inner and outer wall of X80 pipeline steel during the induction heating process as a target, the optimal process parameter set of the pipe induction heating is determined by using neural network genetic algorithm. Finally, comparing the relevant test criteria of the regression equation, the optimum mathematical prediction model of the outer wall temperature of the pipe induction heating process is obtained, which provides a theoretical basis for optimization of the process parameters of the pipe-based induction heating device.
Introduction
The induction heating of pipe is one of the common techniques for production of elbows thanks to its rapid heating, easy cooling, small thinning rate of wall thickness, and easy adjustment of the bending radius of elbow. In the actual project of oil and gas transmission engineering, the bending of large-diameter pipes in oil and gas transportation pipe network is mostly processed by hydraulic push-type induction heating pipe bending machine. The system diagram is shown in Figure 1 [1] , and the specific induction heating diagram is shown in Figure 2 [2] . It is required to realize continuous operation of propulsion →heating →bending →cooling →forming while the induction heating device fulfills the local heating of the pipe when the pipe bending machine is working [3] . At present, many researchers have conducted a lot of studies on the bending process of different materials, the mechanical properties, and the microstructure of the bent pipe [4] [5] [6] [7] . However, the influence of various parameters on the heating effect of the induction heating forming process for large-diameter pipe is not yet clear. The detailed theoretical guidance and basis for the selection and optimization of design parameters on the induction heating device are not yet available. Thus, it is impossible to ensure a reasonable matching between the heating time of the pipe and the pushing speed of the hydraulic cylinder, resulting in the fact that the reliability of the pipe quality cannot be guaranteed [8] . Therefore, the induction heating device of the pipe has become one of the important factors affecting the final processing quality of the elbow. In this paper, the optimization of the process parameters of pipe induction heating is investigated by means of numerical simulation and mathematical methods. through the coil. Under the action of the alternating magnetic field, vortex current is generated inside the pipe, and the vortex current and alternating current in the induction coil have opposite directions with the same frequency. When the vortex current passes through the pipe, the pipe generates a large amount of Joule heat under the action of the material resistance, so that the pipe temperature rises rapidly to achieve the purpose of heating [9] . It can be seen that electromagnetic induction is used to generate vortex current heating in the conductor to realize the heating of the work piece. Therefore, by the electromagnetic induction law (1), the Joule-Electric law (2) , and technical requirements of the large-diameter pipe induction heating forming device, we can obtain the main influential factors on the heating effect of the pipe, such as the induction frequency, current density, and air gap [10] .
where is the number of turns of the induction coil; Q is Joule heat (unit is J); i is the effective value of induction current (unit is A); R is conductor resistance (unit is Ω); and is the time of the current flowing through the conductor (unit is s).
Taking the elbow forming of X80 pipeline steel [11] with diameter Φ1219mm and wall thickness 27 mm as an example, the numerical modeling of induction heating is carried out.
Mathematical Model of Induction Heating Electromagnetic
Field. In the numerical calculation of finite element, the mathematical model of the induction heating vortex current field for the heated workpiece area can be obtained by the control equation (Maxwell equations) and the magnetic vector-scalar potential ( → -Φ) theory of the induction heating electromagnetic field [12] [13] [14] :
where ∇ is Hamilton operator; is magnetic conductivity (H/m); is material conductivity (S/m); is capacitivity (F/m); → is magnetic vector potential; Φ is scalar potential; and → is induction vortex current density vector (A/ 2 ). In order to ensure the continuity condition of the field quantity at the interface of different media, consider the boundary condition as a ferromagnetic boundary with surface current density → . The expression is shown as
Mathematical Model of Induction Heating Temperature
Field. It is assumed that the Joule heat generated by the vortex current in the alternating magnetic field is completely converted into its own heat; that is, the induced current Joule heat obtained by the electromagnetic field is used as an internal heat source to heat the workpiece, and the heating process is an unsteady heat conduction process [15, 16] . Based on Fourier's law and the first law of thermodynamics [17] , the differential form of the transient temperature field governing equation in induction heating can be derived:
where is thermal conductivity (W/(m⋅ ∘ C)); T is temperature field distribution function; V is intensity of the heat source of induction vortex current in the pipeline (W/m 3 ); is material density (Kg/ 3 ); c is the specific heat capacity of material (J/(Kg⋅ K)).
Use the Newton convection boundary as a temperature boundary condition:
where refers to the normal direction on the boundary; is thermal conductivity (W/m⋅ ∘ C); h is convective heat transfer coefficient (W/m 2 ⋅K); T is work surface temperature (K); and 0 indicates ambient temperature (K).
Coupling of Induction Heating Electromagnetic FieldTemperature Field.
The induction heating is involved in the interaction of two physical fields of electromagnetic field and temperature field. The complexity of solving the magnetothermal coupling problem makes it difficult to obtain accurate solutions for many engineering issues [18] . Hopefully, the large-scale finite element numerical simulation software can be used for engineers to solve complex problems on the basis of theoretical analysis. This paper is aimed at the characteristics of induction heating magneto-thermal coupling of large-diameter pipes. We adopt ABAQUS software to solve the magneto-thermal coupling issue by sequential coupling [19] . First, the vortex current is obtained in the electromagnetic field; then the Joule heat of the workpiece under the action of vortex current field is got. Eventually, the Joule heat is used as the temperature field input condition to obtain the temperature distribution on the workpiece. The analysis process of magnetothermal coupling during the induction heating is shown in Figure 4 .
Building of Numerical
Model. The geometric model of pipe induction heating consists of three parts: X80 pipe, induction coil, and air. Since the pipe is only involved in the solution of temperature field, it is assumed that, in the solution of the electromagnetic field, the physical properties of the material corresponding to the induction coil and air are not affected by the temperature change. Since the X80 pipe, induction coil and air together constitute the electromagnetic path in the induction heating process, the thermal property parameters of the relative magnetoconductivity, resistivity, specific heat capacity, thermal conductivity, density, etc. corresponding to the three parts should be considered in solving the electromagnetic field (as shown in Table 1 ). The material of induction coil is T3 copper, its resistivity is 1.75 × 10 −8 Ω•m, and the relative magneto-conductivity is 1. As air is not affected by the current, the relative magnetoconductivity should be set as 1 when performing numerical simulation. It is one of the important influential factors on the quality of the pipe to reasonably match the heating time of the pipe and the pushing speed of the hydraulic cylinder during the bending process of the large-diameter pipe (see Figure 1 ). Thus, in order to further study the problem of matching the induction heating time with the pushing speed, the finite element model is built in Cartesian coordinate system. At the same time, considering that the large-diameter pipe and its applied load are axisymmetric, 1/4 of the pipe is used to build a finite element model. The working loads are applied to the model according to the characteristics of each physical field; the corresponding analysis steps, solution variables, and boundary conditions are setup; different grid types are selected to mesh the model (the unit type of EMC3D8 is selected in the electromagnetic field and the unit type of DC3D8 is selected in the temperature field). In order to ensure the accuracy and convergence of the calculation, the pipe mesh is refined, as shown in Figure 5 .
Results Analysis

Analysis of Numerical Simulation Results.
In order to visually display the dynamic changes of the electromagnetic field and temperature field inside the pipe during the heating process, the main parameters such as current frequency (Ö=1000Hz), current density (J=6 × 10 7 A/m 2 ), and air gap (d=30mm) are determined according to the engineering practice, and the distribution clouds of the Joule heat and temperature of the pipe under induction heating are obtained through simulation (see Figures 6 and 7) , and the curves of temperature for the inner and outer wall of the pipe with the times are shown in Figure 8 . It can be seen that the distribution of Joule heat and temperature on the pipe is that the outer wall's is much greater than that of the inner wall due Step:
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Step Time = 20.00 Primary Var: NT11 to the effects of skin effect, proximity effect, and ring effect in the induction heating process [20] , which ultimately leads to the greater temperatures difference of the inner and outer walls of the pipe, causing a great inconvenience to the pushing speed of the elbow, which in turn affects the quality of the pipe bending. It can be seen from Figure 8 that although there is unevenness in the temperature rise of the inner and outer walls in the pipe, the difference in temperatures between the inner and outer walls tends to be stable as the increase of heating time. Therefore, by parameter optimization, the difference in temperature gradient between the inner and outer walls of the pipe is reduced as much as possible.
In order to further explore the relationship between the current frequency, current density, air gap, and pipe heating effect, the control variable method is used to change the three process parameters for simulation calculation. The results are shown in Figure 9 . Figure 9 shows the effect of the current frequency, current density, and the air gap between coil and pipe on the temperature rise of the inner and outer wall of the pipe, respectively. It can be seen from the figure although that relationship between the variation of parameters and the temperature of the inner and outer wall of the pipe is basically linear; the influence of three parameters on the heating effect of pipe cannot be quantified. Moreover, the temperature difference between the inner and outer wall of the pipe is the key quantity; thus it is necessary to analyze the variation rule of the temperature difference between the inner and outer wall of the pipe to find the optimal parameter group.
Parameter Optimization Based on Orthogonal Test Design
Orthogonal Test Design for Induction Heating of Pipe.
The three process parameters of the current frequency, current density, and air gap are the factors of the orthogonal test [21] , and each factor is set at 5 levels, as shown in Table 2 . It can be seen from Table 2 that there is a total of 125 experimental parameter combinations, and the orthogonal test is mainly used to analyze the primary and secondary relationship of the influence of various process parameters on the heating effect. Therefore, according to the orthogonality and the engineering practice, some parameter groups with the characteristics of "uniform dispersion, neatness, and comparability" are selected as the representative ones for the experiment.
In the orthogonal experimental analysis, the Taguchi design method is used to neglect the interaction between different process parameters, the L25 (5 6 ) orthogonal table is selected, and the empty column is adopted as the error column. According to the 25 sets of parameters selected in Table 3 , the numerical simulation analysis of the induction heating of X80 pipe (Φ1219mm, wall thickness 27 mm) is carried out to obtain the temperatures of the inner and outer walls of the pipe. The orthogonal experimental scheme is designed with the temperatures of the inner and outer walls of the pipe as the test indexes (see Table 3 ).
Analysis of the Orthogonal Test Results of Induction
Heating of Pipe. The variance method is used to determine the significant degree and contribution rate of the influence of various process parameters on the heating effect of mediumfrequency induction heating of large-diameter pipes, and the primary and secondary relationship of the influence of various process parameters on the heating effect is obtained. Then we use the range analysis to verify the primary and secondary relationships again to provide a guidance for engineering process design. (2) Range Analysis. First, the comprehensive mean and range of each factor are obtained, and then the primary and secondary relationships of the influence of the process parameters on the heating effect are got by comparing the extremes [22] . The range analysis of the inner and outer wall temperatures of the pipe under different levels in the orthogonal test is shown in Table 6 :
According to the analysis results of Tables 4 and 5 , when the temperature of the inner and outer walls of the pipe is taken as an index, the influence of the current frequency and current density on the index is significant, and the influence of the air gap on the index is extremely significant. And in the medium-frequency induction heating of the pipe, the influential degree of each process parameter on the heating effect of the pipe is air gap>current density>current frequency. From the range R corresponding to each process parameter in Table 6 , it can be concluded that the influential degree of the process parameters on the heating effect of the pipe is consistent with the variance analysis result, which further verifies the accuracy of the obtained results. Compared with the range analysis, the contribution rate of each process parameter to the survey indicators is defined more clearly by the variance analysis.
It can be known from the engineering that when the induction heating temperatures of the outer wall of the pipe are 900∼1000
∘ C [23] and the difference between the inner and outer wall temperature is small, the final processing quality of the elbow is better. Combined with the above analysis, a better process parameter group can be initially determined as current frequency 1500 Hz, current density 5.5 × 10 7 A/m 2 , and air gap 10 mm. Note: * indicates that the difference is significant; * * indicates that the difference is extremely significant.
Process Parameter Optimization Based on Neural Network and Genetic
Algorithm. The orthogonal experiment can determine the influence degree of the process parameters on the temperature of the inner and outer walls of the pipe and judge the better parameter group from the existing process parameter group. However, it is difficult to obtain the global optimal process parameters for the multiparameter group problems which affect the actual engineering. We use BP neural network method to establish the mapping relationship between the induction heating process parameters and the temperatures of the inner and outer walls of the pipe [24, 25] . The data is trained to predict the heating effect of all combinations of process parameters within the variation range, and the process parameters are optimized by genetic algorithm [26, 27] . Thus, the global optimal process parameter group is obtained. Note: * indicates that the difference is significant; * * indicates that the difference is extremely significant. 
Mathematical Problems in Engineering
Prediction Model Based on BP Neural Network.
The current frequency, current density, and air gap are selected as the network model input, and the outer and inner wall temperatures 1 and 2 of the pipe are taken as output to build a three-layer BP neural network model. The network structure is shown in Figure 10 .
The data (see Table 3 ) obtained by numerical simulation is used as a training sample, and the sample is trained by running a BP neural network program. The training target is selected as 0.000001 and the learning rate is 0.1. The training of the network model is shown in Figure 11 . When the iteration is 274 times, the training is finished with the system error of 9.75 × 10 −7 ; thus its error is within the expected range, and the network output is more accurate.
In order to verify the accuracy of the training prediction results, the five new sets of process parameters are reselected as test samples for training prediction and numerical simulation. The training prediction results and numerical simulation results are shown in Table 7 .
According to the above results in Table 7 , the error between the prediction data and the simulation data is within 3%, which indicates that the prediction accuracy of the BP neural network for the heating effect is higher, and the prediction result is close to the actual situation.
Optimization of Induction Heating Parameters Based on Genetic
Algorithm. The population with a size of 50 is selected and the binary code is adopted. The crossover probability and mutation probability are 0.75 and 0.01, respectively. The BP neural network prediction result is used as the fitness function to control the temperature of the inner and outer walls of the pipe [28, 29] . The genetic algorithm with 100 times of iteration is designed to optimize the process parameters of pipe induction heating. The software is used to iteratively calculate the BP neural network and genetic algorithm joint optimization program. After 100 iterations, the target fitness is shown in Figure 12 .
It can be seen from the Figure 12 that, after 30 iterations, the fitness value of the temperature difference between the inner and outer wall under the processable condition is maintained at 751; meanwhile the temperature 1 of the outer wall and the temperature 2 of the inner wall is 923 ∘ C and 172 ∘ C, respectively. The process parameter group that is superior to the orthogonal test in the induction heating process of the pipe is obtained with the current frequency, current density, and air gap which are 1460 Hz, 5.65 × 10 7 A/m 2 , and 15 mm, respectively. 
Pipeline Induction Heating Prediction Model Based on
Regression Analysis. Through the aforementioned analysis and calculation, the selection of optimal parameter group for the induction heating parameter design can be realized, but In order to further guide the engineering practice, a prediction model of pipe induction heating is necessary. In this paper, the regression analysis of the data obtained from numerical simulation is carried out to determine a reasonable mathematical model for the prediction of the outer wall temperature, which provides a certain theoretical guidance for the actual processing. The data obtained from the numerical simulation of medium-frequency induction heating of large-diameter pipe are taken as samples, and the process parameters that influence the induction heating effect of pipe materials, such as current frequency Ö (Hz), current density J (A/m 2 ), and air gap d (mm), are seen as independent variables, while the outer wall temperature of the pipe is seen as the dependent variable. Subsequently, two regression models are established for prediction of the pipe outer wall temperature on the basis of combining the feature of sample data. It can be seen from Figure 9 that the process parameters and the temperature of the inner and outer walls show a linear change law; thereby a regression Model I is established. However, considering the magnitude difference of the selected values of each parameter, the logarithmic conversion of the sample data is performed to build a regression Model II [30] .
Regression Model I:
Assume that the above two regression models meet the following conditions:
The selected variables are not random and have no multiple linear relationship with each other (3) There is a linear relationship between the dependent variable and the transformed independent variable in the regression model II
The two regression models are analyzed and solved by a multiple regression calculation program, and the results are shown in Table 8 . It can be seen from Figure 13 that although the normalized residuals of Model I and Model II are basically normal distribution, comprehensive analysis of the calculation results of Table 8 , including the correlation coefficient, sum of squared residuals, and F-test value. It can been seen that Model I has an optimal fitting degree; thus the regression equation (1) is chosen as the mathematical model for predicting the outer wall temperature of large-diameter pipe during the mediumfrequency induction heating. In order to verify the accuracy of the regression models, five sets of process parameters are taken as test samples for the numerical simulation and regression model prediction. The results are shown in Table 9 . It can be seen from Table 9 that errors between the simulated data and predicted data are within 5%. The error value needs to be determined according to industry standards. However, it is worth noting that the mathematical model of the outer wall temperature prediction can accurately reflect the mapping relationship between the process parameters of the induction heating and the outer wall temperatures of the pipe. The mathematical model of the outer wall temperature prediction for large-diameter pipe in the induction heating process has certain significance for guiding engineering practice. 
Conclusions
(1) Based on the basic theory of induction heating and analysis of induction heating forming process for largediameter X80 pipe, the magnetic-thermal coupling issue in the heating process is simulated by sequential coupling method. The influential law of each group's induction heating process parameters (current frequency, current density, and air gap) on the temperature of the inner and outer walls of the pipe has been obtained.
(2) Taking the induction heating process parameters as the test factors, we carry out the orthogonal test design of the process parameters with the difference of the inner and outer wall temperature of the pipe as the evaluation index, the influential degree of each process parameter on the heating effect is determined as air gap>current density> current frequency, and the optimized process parameter sets for the heating bending of the pipe have been obtained using the neural network genetic algorithm, with the current frequency, current density, and air gap which are 1460 Hz, 5.65 × 10 7 A/m 2 , and 15 mm, respectively. (3) The linear regression models of two types of pipe temperature have been built based on the simulation results of different heating parameters. By comparing and analyzing the relevant test standards of each regression equation, we have obtained the mathematical model of the outer wall temperature prediction during the induction heating process of the pipe.
(4) From the bend forming practice of X80 pipe, the numerical simulation process parameters sets are somewhat limited. Hopefully, our mathematical analysis method is of a referential significance for practical engineering.
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